Submicron area Nb edge tunnel junctions have been fabricated yielding devices with R C times of 10-13 s. Tested as quasiparticle mixers at 55 GHz, they yielded conversion loss of6.4 db SSB and a noise temperature <27 K. A gain of 1.4 db with a noise temperature of 145 K was also achieved but was attributed to the Josephson effect.
INTRODUCTION
We report new work on high-quality Nb-Nb Ox -PbBi tunnel junction devices used as millimeter wave mixers. These devices have been fabricated using an edge geometry 1.2 which is compatible with Nb device fabrication and which yields very small tunnel junctions with very sharp J-V characteristics. These Nb edge devices are a significant improvement over lead alloy junctions. The ruggedness and mechanical stability of the Nb base electrode, in conjunction with the ability to grow a very controllable native oxide on the Nb edge with reactive ion beam oxidation 2 • 3 prior the deposition of the PbBi counterelectrode, is of primary importance in the fabrication of reproducible and reliable devices. The point contactlike structures with the "in line current flow", the extremely low capacitance (::::: 10-14 F), and the high current densities make these junctions very attractive for millimeter and submillimeter wave detection where small RC times (::::: 10-13 s) are required.
In particular, we have tested these devices as quasiparticle semiconductor-insulator-semiconductor (SIS) mixers 4 • 5 to investigate the possibility of conversion gain at millimeter wave frequencies (55 GHz in our case).
SIS tunnel junctions are very attractive candidates for millimeter wave mixers, since they operate at very low local oscillator power (n W); there is no spreading resistance as in Schottky diodes and the series inductance can be tuned out. Tucker 6 has given a complete quantum mechanical generalization of the microwave mixer theory constructed on the sharp onset of the quasiparticle tunnelling current of a SIS junction at the gap voltage. These tunnelling devices undergo a transition from energy detector to photon counters when the photon energy becomes comparable to the voltage scale of the dc nonlinearity, in particular when w ~2 kT. This corresponds to a frequency v -40 G Hz at T = 1 K. The heterodyne detectable power then becomes P = wB where B is the bandwidth and the noise temperature approaches the limit T ~ wi K. Arbitrarily high gain has been predicted in an SIS mixer by Tucker 7 if, for some particular choice of source and load impedance a negative resistance region can be obtained on the J-V characteristic. Small gains in SIS mixing have been reported in DSB by Shen et al. 8 on single devices and by Rudner et al. 9 on junction arrays. Our experiments showed gain (SSB) in a region of high dynamic resistance below the gap voltage, but since this gain vanished when a magnetic field was applied, the Josephson effect played a major role in this case. This was also supported by the observation of an increase in the mixer temperature. We did not observe any gain when the devices operated as a pure quasiparticle mixer even when very high quality junctions were tested.
JUNCTION FABRICATION
The edge geometr/ was used to fabricate these devices as follows. First, a Nb film 1 500-A thick was rf sputtered onto a fused quartz substrate. Standard photolithographic techniques and chemical etching were used to define the base electrode and rf choke structures. Then an Al 2 0 3 film 2000-A thick, patterned by the lift-off technique, was ion beam deposited on the Nb film. Ion milling was then used to etch through the Nb film using the Al 2 0 3 as a milling mask, exposing a clean edge of the Nb film. Another lithographic step defined the PbBi counter electrode over the exposed edge. Prior to the deposition of the PbBi film, the edge was cleaned by ion milling with Ar ions and then oxidized by a mixture of Ar and O 2 (2 parts of Ar, I of0 2 ) at low beam currents (15 ,uA/cm2) . Typical junction areas were of the order of 2-4 ,um X 0.15 ,um. Twelve junctions in a row were fabricated on a chip. After cleaving they were tested individually. Figure 1 shows a microphotograph and a SEM micrograph of one such device.
MICROWAVE CIRCUIT
In this section we describe the rf input circuit and if output circuit used in the mixer experiments. Experiments were performed at 55 GHz in a v-band waveguide (50-75 GhZ). The signal at 55 GHz and the external local oscillator at 53.5 GHz were coupled via a lO-db coupler before being introduced into the input waveguide of the cryostat through calibrated attenuators. The coin silver waveguide in the cryostat was interrupted by a short section of stainless steel waveguide to provide thermal isolation from room temperature. The stainless steel waveguide was also slightly bent to avoid room-temperature noise from reaching the junction.
In addition, a cold absorber of 18.7 ± 0.3 db attenuation was placed in front of the mixer block reducing the room-temperature noise and providing a rf matched load for noise measurements. The mixer block consisted of a Nb block by which the input waveguide was tapered via a quarter wave step transformer with a calculated bandwidth of 10 GHz (50-60 GHz) and VSWR-1.02. The impedance ratio of the The mixer block is shown in Fig. 2 . The mixer output was fed into a two-stage, room-temperature if amplifier via a stainless steel cable followed by a dc bias tee, which separated the if frequency from the dc bias. A spectrum analyzer monitored the output power. The microwave circuit is shown in Fig. 3 .
CONVERSION EFFICIENCY AND NOISE TEMPERATURE
The two parameters which characterize the performance of a mixer are the conversion efficiency ' Y/, defined as the ratio of the available if power to the available input power, and the mixer noise temperature defined as T M = TN / ' Y/ where TN is the measured noise temperature. Because TN is small for these devices,4,8 it is desirable to optimize the conversion efficiency. Therefore, both the input power and the if power must be measured accurately. The if power level was measured with a spectrum analyzer (HP 8566A) with an accuracy of ± 0.1 db. The cold absorber in front of the mixer was used as a bolometer. 11 This was accomplished as follows: A vacuum can at the bottom end of the cryostat thermally isolated the mixer block from the helium bath. A small amount of He exchange gas provided the thermal link to the bath when making mixer measurements. The gas was evacuated during bolometric measurements. A heater wrapped around the waveguide in front of the mixer and a carbon resistor completed the bolometer arrangements. The microwave power absorbed by the cold absorber was detected as heat by the carbon resistor. With no microwave power incident, an identical level of heat was generated by driving a current through the heater, thereby giving an absolute measurement of the incident microwave power at the input of the mixer. Thus no correction for the waveguide losses was needed. Most of the errors in measuring the conversion efficiency came from the input power measurements. Since the bolometer measurement is rather accurate, most of the error in determining the conversion efficiency arose from measur-ing the attenuation of the cold absorber. The overall error of the conversion efficiency measurement was found to be approximately ±.5 db.
Because SIS mixers operate at very small input power levels (10-11 W) the room temperature noise power P = kTB must be reduced at the input of the mixer. For our system, the input noise temperature was computed as follows
LA LI LA where TR represents the room-temperature noise, T WG -150 K is the noise from the input waveguide, and TA represents the noise from the cooled attenuator. L[ represents the input waveguide attenuation (-6 db) and LA (-18.7 db) is the cold absorber attenuation. Therefore, at T -4.2 K the input noise is TIN -6.5 K. The output noise measured at the input of the if amplifier is given by
where TA :::::: 65 K is the amplifier noise temperature, T c -77 K is the cable wire temperature and a is the attenuation of the if cable. The mixer noise temperature is given by
The spectrum analyzer was also used for noise temperature measurements. To accomplish this the noise power of the mixer (LO on, signal off) at the maximum conversion effi- ciency bias point was compared with a cold 50 flload.
The if coupling was found by injecting a signal via a circulator into the junction and comparing the reflected power when a short was in place of the mixer. In this way we could measure the coupling through the if amplifiers and thus the dynamic resistance. Since these losses were generally only a few tenths of db ( < 0.5 db), we did not correct our results for the if mismatch. Both high and low current density junctions (low impedance and high impedance junctions) were tested. For the low impedance junctions, better coupling to both rf and if frequencies was achieved in the bottom part of the J-V characteristic, i.e., below the gap voltage (Fig. 4) . For the high impedance junctions, better coupling was found above the gap voltage (Fig. 5) .
The results of measurements of mixer performance for four different junctions are given in Table I along with relevant junction parameters. In each case the plunger, LO power and dc bias to the junction were adjusted to yield the best con version efficiency. Two of these junctions, ( 1 ) and (3), are high impedance, low current density junctions; the other two exhibit low impedance. The low impedance junctions are of interest here since the microwave field couples most effectively to the active element due to the minimization of the shunt capacitance effects. The "quantum capacitance" of the junction 6 • 9 also becomes significant compared to the electromagnetic capacitance for high current density junctions, but recent work 6 suggests that this quantum capacitance is not a factor in obtaining good results with an SIS mixer. A disadvantage of high current density junctions is that a magnetic field must be applied to suppress the Josephson supercurrent and the associated Josephson noise. For very small junctions a quite large field must be applied which can present problems. High impedance, low current density junctions have the advantage that the Josephson noise is negligible and no magnetic field is needed to suppress the supercurrent.
As described in Table I , the low impedance and high impedance junctions, somewhat surprisingly, performed about equally well, with the low impedance having a slight edge in conversion efficiency. The low impedance junctions did show significantly improved conversion efficiency when the magnetic field was not used to suppress the supercurrent. In the case of junction (4), whose J-V and mixer response is shown in Fig. 5 , a gain of 1.4 db in SSB was obtained. Since this gain occurred in a region of higher dynamic resistance and disappeared with the application of a magnetic field, it was attributed to the Josephson effect. The noise temperature was relatively high, of -7 db but with a noise temperature of T M <.27 K. This upper limit in the measurement of T M was set by the relatively high noise temperature of the if amplifier and cable used in the measurements.
CONCLUSIONS
High-quality submicron area tunnel junctions have been fabricated and tested as mixers at millimeter wave frequency.
The use of a rugged Nb base electrode and the possibility of fabricating these devices on a Nb edge represent a significant improvement with respect to the lead alloy technology. The advantage of small area tunnel junctions with respect to arrays is in the very low LO power that single junctions require for mixer applications and also they have lower noise temperatures. 12 On the other hand, they are more susceptible to transients and some care is needed to handle these devices. Small area high current density junctions are also suitable for investigation of the effect of the quantum reactance in the mixing process. Although no gain was found when the junctions operated in the quasiparticle mode, the junctions performed competitively with other lead alloy junctions tested by other groups.
